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Abstract 

One-loop production of a Higgs boson in 67 collisions at future accelerators is studied via the pro- 
Qh. cess 67 — > eH , for intermediate Higgs masses. Exact cross sections, including the possibility of 

r~| ! longitudinally polarized initial beams, are presented. Confirming previous estimates made in the 

Weizsiicker- Williams approximation, they are found to be more than two orders of magnitude larger 
than the cross sections for the crossed process e~^e~ -^ Hj , in the energy range y^ = (0.5 -7- 2) 
TeV. We show that, not only 67 -^ eH has a similar potential as the 77 — > ii^ process for testing the 
5t , one-loop 'yjH vertex, but, by requiring a final electron tagged at large angle in 67 — > eH , the He 

production provides an excellent way of testing the Z^H vertex, too. Kinematical distributions for 
the 67 -^ eH — > e{bb) process with a tagged final electron are analyzed, and strategies for controlling 
the main irreducible background are found. Initial-state-radiation effects are checked to be within a 
few percent. 
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1 Introduction 



The Higgs boson sector is a crucial part of the Standard Model still escaping direct experimental 
verification. Presently, we know that tuh ^ 65GeV [Q. Once the Higgs boson will be discovered 
either at LEP2 or at LHC, testing the Higgs boson properties will be a central issue at future 
linear colliders. In particular, an e~^e~ collider with centre-of-mass (cm.) energy ^/s ~ (300 -r- 
2000)GeV and integrated luminosity (9(100) fb~^ will allow an accurate determination of the 
mass, couplings and parity properties of the Higgs particle 0, Q. Two further options are 
presently considered for a high-energy linear collider, where one or both the initial e~^/e~ 
beams are replaced by photon beams induced by Compton backscattering of laser light on the 
high-energy electron beams [Q . Then, one can study high-energy electron-photon and photon- 
photon collisions, where the initial photons are real, to a good degree monochromatic, and have 
energy and luminosity comparable to the ones of the parent electron beam [^. 

In this paper, we analyse the Higgs production in e'j collisions through the process 67 — > 
eH . This channel will turn out to be an excellent mean to test both the 'j'jH and Z^H one-loop 
couplings with high statistics. Possible ways to test the couplings ggH, •yyH and Z'jH have 
been extensively studied in the hterature. These one-loop vertices, because of the nondecoupling 
properties of the Higgs boson, are sensitive to the contribution of new particles circulating in 
the loops, even in the limit Mnew ^ ^tt-h • 

While the ggH vertex can be tested by the Higgs production via gluon-gluon fusion at 
LHC, a measurement of the 'j'yH and Z'-^H couplings should be possible by the determination 
of the BR's for the decays ilf — ;> 77 p], |[ and H — > •yZ [|10|, |[ (see also [|lll), respectively. The 



latter statement holds only for an intermediate-mass Higgs boson (i.e., for 90GeV ^ tuh ^ 140 
GeV), where both BR(i7 — > 77) and BR(if — > 7Z) reach their maximum values, which is 
C(10-3). 

Another promising way of measuring the 'f'fH coupling for an intermediate-mass Higgs 
boson will be realized through Higgs production in 77 collisions |p!2| , |T^. To this end, the 
capability of tuning the 77 cm. energy on the Higgs mass, through a good degree of the 
photons monochromaticity, will be crucial for not diluting too much the 77 — i> ilf resonant 
cross section over the cm. energy spectrum. 

The process 67 -^ eH , that we consider here, offers a further interesting way of testing 
both the y^H and Z'yH Higgs vertices. Indeed, we will show that, while the 7-exchange 
j'jH contribution is dominant in the total cross section, by requiring a large transverse mo- 
mentum of the final electron (or Higgs boson), one enhances the Z-exchange ZjH contribution, 
while keeping the corresponding rate still to an observable level. The further contribution given 
by the box diagrams with W and Z exchange survives at large angles too, but is relatively less 
important. Furthermore, while the 'jjH and Z'jH channels increase logarithmically with the 
cm. collision energy, the contribution from boxes starts decreasing at ^/s ^ 400 GeV. 

A further advantage of the ej — > eH process with respect to the resonant jj -^ H pro- 



duction is that the former is much less crucially dependent on the tuning of the cm. collision 
energy to itlh- As a consequence, although the resonant cross section (Xresill -^ H) is in 
general much larger than o"(e7 — *> eH ), the effect of the 7-spectrum smearing can make the 
two rates of the same order of magnitude (see also 



The cross section for the process 67 — >■ eH has previously been studied in the Weizsacker- 
Williams (WW) approximation |T^, where the only channel contributing is the (almost real) 7- 



exchange in the t-channel, induced by the 77if vertex |T5| (see also [|T^], where the pseudoscalar 
Higgs-boson production is considered). Although, as we will see, this method provides a rather 
good estimate of the 67 — *> eH total cross sections, it is unable to assess the importance of the 
Z'^H (and box) effects. This we will address particularly in our exact treatment of 67 -^ eH . 

Although, cross sections for the process 67 -^ eH are quite large also for heavy Higgs bosons 
(e.g., a{mH — 400GeV^) > 1 fb for ^/s ^ 500 GeV), we will concentrate on the intermediate 
Higgs mass case. Hence, we will carry out a detailed analysis of the main background, assuming 
that the decay if —> 66 is dominant. 

In principle, the same physics could be tested in the crossed process, e'^e~ -^ H'j , which 
has been widely studied |jl^, |^, |19|. Unfortunately, the e+e~ — >• if 7 channel suffers from 
small rates, which are further depleted at large energies by the 1/s behavior of the dominant 
s-channel diagrams. Also, in this case, it is more difficult to separate the Z'-fH contribution on 
the basis of kinematical distributions. As a consequence, if a ej option of the linear collider 
will be realized with similar luminosity of the e"*"e~ option, the ej — > eH channel will turn out 
to be much more interesting than the process e~^e~ — > ii7 , for finding possible deviations from 
the standard-model one-loop Higgs vertices. 

The plan of the paper is the following. In Section 2, we present the analytical results for 
the complete helicity amplitudes of the ej —>■ eH process. In Section 3, numerical results for 
the exact total cross section are given and compared to the ones corresponding to the tree- 
level Higgs production in 67 -^ HveW . Also, a discussion of the relative importance of the 
different one-loop vertices and boxes in 67 — *> eH is presented. In Section 4, the rates for 
the main background processes are estimated, and strategies for their control are suggested. 
Initial-beam polarization effects are discussed in Section 5, while , in Section 6, we estimate the 
influence of the Initial State Radiation (ISR) on the above picture. In Section 7, we discuss the 
expected precision on a measurement of the Z'^H effects through 67 -^ eH , and point out a 
possible strategy, based on the angular asymmetry of the final electron, for further optimizing 
the ratio S/ B. Finally, in Section 8, we draw our conclusions. In the Appendix, we discuss 
some technical details of the computation. 



2 Helicity amplitudes 

In this section we give the analytical expression for the matrix element of the process 

e-{h)^{k2)^e-{h)H{k^) (1) 

as a function of the initial electron and photon helicities, where ki are the particles momenta. 
We calculate the amplitude in the 't-Hooft-Feynman gauge and in the chiral limit approximation 
for the electron mass. 

In the unitary gauge, the Feynman diagrams which contribute to this process are given in 
figures [1|-^ (for the figures of the Feynman diagrams, we used the program GRACEFIG created 
by S. Kawabata). In figures |l| and H, we show the fermion and W triangle loop respectively, 
with both 7 and Z exchange in the t-channel, where in the fermion loop we consider only 
the contribution of the top quark. To these diagrams, the corresponding ones with opposite 
orientation for the fermion and W loop have to be added. In figures ^ and |^, the VT-box 
and Z-hox, along with the related ecH vertex diagrams, are presented, respectively. The ecH 
vertex cannot be neglected in the chiral limit, since only the divergent part of this vertex is 
proportional to the electron mass. Indeed, its finite part is proportional to the momentum 
square of the off-shell electron, and it is not zero in the chiral limit. Moreover, the finite part 
of the eeH vertex is needed for the gauge invariance of the total amplitude. 

In the 't-Hooft-Feynman gauge, we have to add to the first diagram in figure ^ the one 
where the PF-lines are substituted by the IV-ghosts. Furthermore, we have to add to the 
diagrams of figures ^ and ^ the ones where the Ty-lines in the loops are substituted by different 
combinations of W^-boson and W^-goldstone propagators. For example, there are two diagrams 
associated with the box diagrams in figure ^ where the W propagator not connected with the 
electron is substituted by a VT-goldstone propagator. However, starting from the topology of 
the first two diagrams in figure ^ there are new diagrams to add that cannot be generated by 
the above rule. The latter contain 4-legs vertices where the photon interacts with a IV-goldstone 
and a Higgs boson, both in the 7 and Z t-channel. In particular, in the 't-Hooft-Feynman 
gauge, 52 diagrams replace the first two of figure 0: 26 with 7-exchange plus 26 with Z-exchange 
in t-channel. In the following, when we refer to figures |^ and |^, the complete subsets of the 
corresponding diagrams in the 't-Hooft-Feynman gauge are implied. 

The third diagram of figure |^ is given by the insertion of the vertex Z'yH proportional to 
the counterterm coming from the renormalization of the Z-7 mixing self-energy function at the 
one-loop level. This diagram is necessary to provide the ultra-violet finiteness of the W-loop 
contributions. In our calculation, we have used the on-shell renormalization scheme. Hence, 
explicit contributions from the diagrams with self-energy functions are missing. 

The total amplitude for the process (|lD is of course QED gauge invariant. This means that, 
replacing in each diagram the photon polarization vector e^{X, ^2) by its momentum fcg (here 
and below X = P^ = ±1 is the photon helicity), the sum over the whole set of diagrams has 
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Figure 1: Feynman diagram with fermion triangle loop. 




.H Y 



~i- . e e 




.H Y 



:i. . e e 




Figure 2: Feynman diagrams with W^-triangle loop. 
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Figure 3: Subset of Feynman diagrams with W^-box loop and related eeH vertex. 
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Figure 4: Subset of diagrams with Z-hox loop and related eeH vertex. 
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Figure 5: Diagrams for the 67 — > ebb background. 

to vanish. In general, a single diagram (or subset of diagrams) is not transverse in the photon 
momentum by itself, but we can select the non-transverse part by just taking the terms that 
do not vanish after this substitution. Then, we find that it is possible to divide the whole set 
of diagrams into a few QED gauge-invariant subsets of diagrams : 

i) fermion-loops with 7 in the t-channel (figure |ID; 

ii) fermion-loops with Z in the t-channel (figure |l|); 

iii) W triangle-loops (figure 0) + PF boxes and related eeH vertices (figure ^; 

iv) Z-hox and related eeH vertices (figure ^. 



Below, we will see that the IV-triangle and W-hox diagrams give rise to QED gauge non- 
invariant terms that cancel in the sum. 

In order to get the analytical expression for the amplitude as a function of the initial 
particle helicities, we decompose the Feynman amplitude in terms of the so-called standard 
matrix elements defined as 



Ml (a. A) = M'^(A;3)e(AK(A;i) , 

M2(a, A) = u''{h)k2u''ih) ■ (e(A, k2), h) , 

Ms{a,X) = -u''{h)k2u''{h)-{e{X,k2),h). 



(2) 



Here u'^{k) denotes a spinor state for electrons with helicity cr/2 (cr = Pg = ±1) and momentum 
k {k = k^'-f^, where 7^ are the Dirac's 7-matrices). Note that these elements contain the 
complete information about the polarizations of the initial electrons and photons. 

The amplitude can be expressed in terms of the standard matrix elements in the center-of-mass 
system (CMS), where the latter become|^: 



Ml (a. A) 



-2(1 + ^^)' 



M2(a,A) 



'2^' 



M3((T,A) = 



(3) 



*The same expressions still hold after a Lorentz boost along the collision axis of the process ej -^ eH 



with the Mandelstain variables defined as: 

S={h + k2f, t=ih-hY, U={k2-hf. (4) 

The last equality in (^) is due to the orthogonality in the CMS of the photon polarization 
vector e(A, /C2) and the electron momentum ki. Nevertheless, we calculate the coefficients of 
M3, too. These coefficients will be useful for the analysis of the QED gauge invariance of the 
result. Moreover, they will help us to get more compact analytical answers. 

The amplitude corresponding to each diagram can be expressed in the following form: 

Mi(a, A) • i3i + M2(a, X) ■ B2 + M^ia, X) ■ Bs , (5) 

where the coefficients Bi include the loop integrals. The transversality in the photon momentum 
implies a linear relation between the coefficients Bi for the QED gauge-invariant sector of 
each diagram or subset of diagrams. In fact, after the substitution e'^ — >■ /c2 ^^ the standard 
matrix elements (Q) and then in (^, we find that, for each QED gauge-invariant subset in the 
amplitude, these coefficients satisfy the following identity: 

Bi - Ib, - ^i33 = 0. (6) 

As a consequence, the partial amplitudes can be represented in the following form, where the 
standard elements are substituted by their explicit values (I^): 



\^-\ [{uB, - sBs) - aX{uB2 + .^3)] • (7) 

The final result can be further simplified by using the crossing symmetry connecting the 
process ([l|) to the crossed one e^{k^)l{k2) -^ e^{ki)H{ki). If we perform a crossing transforma- 
tion (s ^-> M, a —^ —a) in the matrix element of the process (p, we get the same function with 
opposite electric charge and Z-charge of the electron, (i.e., with Q^. —>■ —Qe, and ge —>■ —Qe)- Of 
course, for the Z-charge the change of the electron helicity has to be taken into account, too. 
We found that, for the QED gauge-invariant component of each subset of the diagrams repre- 
sented in figures |I]-^ this symmetry is fulfilled, what simplifies further our formulas. Indeed, 
this symmetry implies that the form factor UB2 — sB^ is antisymmetric with respect to the sub- 
stitution s <-> M, while UB2 + sBs is symmetric (i.e., B2 <-^ B3 for s <->• m). Then, instead of the 
coefficients B2 and B3, it is worthwhile to consider the following symmetric and antisymmetric 

combinations: 

^, ^ UB2 + SB3 ^^ ^ UB2 - SB3 

Using the above form factors, our final analytical results can be represented in the following 
compact form 

- aXJ^'] . (9) 




Note that all the dependence on the photon helicity is concentrated in the explicit factor of the 
second term in @. Hence, when one averages over the photon helicity, the dependence on the 
electron helicity arises only from the Zee coupling. Since g~ ~ —0.658 and g^ ~ 0.538, the Z 
t-channel contributions have opposite signs in the amplitudes for left-handed and right-handed 
electrons. Moreover, in the region of large transverse momentum, there is a moderate difference 
between the 7 and Z t-channel propagators. This explains the destructive interference of the 
7 and Z t-channels for a right-handed electron beam, and the mutual enhancement of these 
contributions in the case of left-handed electrons, when the photon beam is unpolarized (see 
also section 5). 

Because of the crossing symmetry for s <-> m, one has B2 = B3 in eq. @, for all the 
triangle amplitudes. This means that, for this class of diagrams, the formula (^) can be further 
simplified into: 

iA(a,A)-r, (10) 

where T = Bo = B'^ and 



A(a,A) = ^-i[[u-s) -a\{u + s)]. (11) 

Finally, the differential cross section for the process with longitudinally polarized photon and 
electron beams Q is given by 



dQ 647r2s 



ia'Mzy\Mia,X))\\ (12) 



where Q is the spherical scattering angle of the final electron, and the analytical expression for 
the total QED gauge-invariant matrix element can be expressed as: 



A4(a,A) = M^fia,\)+M^fia,\)+MAW^icrA)+MAW^i(T,\) + 

M^w^ (or. A) + M^wia, A) + Mu^ia, A) + MuM^ A) . (13) 



Z.l 

The partial amplitudes Aii are given by the following QED gauge-invariant contributions: 
• Triangle fermion loops: 

M^f (a, A) = ^ N,-^ Vl^^,) ■ A(a, A) • [TMt) " '^Um,)] (14) 

' -< -t ' ^ -t + Ml ' 



^Of course, the unpolarized cross section can be obtained by averaging over the hehcity of the initial 
particle(s). 



Here, A^ a/ and A^ «/ represent the contributions of the 7 and Z t-channel, respectively. In 
the above formulae, A'"c = 3 is the color weight of the t-quark, while the electric and Z charges 
of the fermions, Qj and gt , are given by 



Qe 



-1, 9^ = -Qe—, gl 






1/2 + Q,sl 



SonCii 






b'tnCqi 



Also, Su, = sin 9w and c^ = cos^vv') with 9\y the Weinberg angle. 

The expressions for the one-loop form factors Ti{m) and T2{m) are given by: 



Ti{m) = Co(t?2, — ^4,777,, fcs — fci,m) 
T2(m) = \2m^ ■ Tiim) + 



u 



s + u 



[BQ{t,m\rr?)-BQ{m]j,m\rr?)] - l| (15) 



where the functions Cq and Bq are defined in the Appendix^. The form factors Ti{m) and 
72 (m) can also be expressed in terms of elementary functions (see 1|, |^). 

• Triangle W loops: 



M 



i^w (a, A) 



' ^'1 -t ' 



m 



H 



IVly S,„C,, 



Pi;^,)^, ■ Aia, X) ■ iUMw)] , 



(16) 



w 






g:{l - 2s 



Zibq,)(^q, 



-t + MV 



The terms Ai 



A 



w 



include the loop with the M^-goldstone propagators only. Three diagrams 



contribute both in the photon and Z exchange. The presence of terms proportional to r?7,|^/M| 
is a consequence of the Higgs mechanism and the decoupling of the longitudinal components of 
the W boson at high energy. 



Ma,w (<t. A) 



1(7,^) 



h.Z)r 



P(^,z),2 • A(a, A) ■ -Ai^'"^Ti(MH^) + A^-^'"^T2(M, 

Qe 



W I 



^W _ ^e 



7,2 



V 



w 

Z,2 



9e 



-t + M^z 



2 ' 



Af 



AI = 8, 



D 2 — 



A2 



Ai, 



(17) 



The terms Al^w include the contribution of the VT-triangle diagrams with ly-ghosts and 



(7,^),2 



with a mixture of M^-bosons and VT-goldstones running in the loop. In the M./^w term, we 
also include the diagram with the Z'^H counterterm. 

■fNote that, in the Hmit t ^ 0, the Bq integrals do not contribute due to the factor t in ([l5|). Hence, the Co 
integrals give the dominant contribution to the total cross section. 
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W and Z boxes with related eeH vertices: 






^(W,Z) ~~ ^^'^lw,z) 



V^ = -2^6:, V° = AiglYQ, 



^w 



where (5^ = 0, 6^ =1, and the form factors Df^^^ are the symmetric and antisymmetric parts 
of the functions 



Vw ^ uiD^ + D^, + D^ - D^, - D^,) , (19) 

under the crossing s -f-^ u symmetry transformation. The functions D^ ' appearing in eqs. (p!9|) 
contain the results of the box loop-integrals, and are related to the integrals defined in the 
Appendix in the following way: 

D^ = D,{0,h,Mw,h + k2,Mw,h,Mw), DY = Dfl^^, (20) 

Df = Di{me,k2,me,k2-k3,Mz,-h,Mz). (21) 

In the Z-hox functions in eq. (PT|), we restore the electron mass since the integrals Di are not 
separately finite for rrie = 0. Of course, the total amplitude has to be insensitive to the value of 
me used to regularize each singular Z-box integral. We checked the stability of the total result 
numerically, for a wide range of nif,, going from 10~'^^GeV up to its physical value. 

In the following sections, we refer to the different QED gauge-invariant contributions defined 
above as: 

"■yjH" corresponding to A4/.f+A4/yw + A4aw 

7 7,1 7,2 

"Z'yH" corresponding to M^t+M/^^w + M^^w 
"BOX'' corresponding to Mn^ + Moz 

For completeness, we now show the analytical results for the QED gauge non-invariant 
terms, arising from the PF-triangle and W-hox diagrams. As we checked, the sum of these terms 
vanishes. They can be worked out by calculating all the coefficients Bi and then performing 
the substitutions e(A, ^2) —^ ^2 in (^- From the IV-triangle diagrams, we obtain for such terms 

^A^,,M ^) = - ^(7,^),3 ■ [/C(,,z) ■ Ml (a. A) ■ T.iMw)], (22) 

In eq. (0), the coefficients /C(^,z), arising from the W-triangle diagrams with W-ghosts and 
with a mixture of W-bosons and W-goldstones running in the loop, are given by 

/C^ = 3t, ICz = 3(-t + M|), (23) 



and cancel the corresponding 7 and Z propagators. After summing the two terms in (p2D, we 
obtain 

X^j. (a,A) = If [-3Mi(a,A)-ri(Af^)]. (24) 

This term is exactly cancelled by an opposite term coming from the QED gauge non-invariant 
contribution of the PF-box diagrams (figure |^). 

We stress that the ee-ff- vertex diagrams must be added to the W^-box diagrams in order to fulfil 
the QED gauge-invariance identity (^) for this subset of diagrams, after the cancellation of the 
term (|2^) . Note that the eeif- vertex diagrams contribute through the B\ coefficients to the 
weight of the standard matrix element M\ (Q). In the case of the Z-box diagram (figure ^), the 
identity (0) is fulfilled automatically when one adds the corresponding eeH vertex diagrams. 



We checked that our expressions for the one- loop form factors agree with that of ref. |]T7, 



|TB|, |TU[, where the crossed process e^e — > 7/J was investigated. We also checked that our 
loop form factors Bi are in agreement with the corresponding loop form factors for the process 



e^e — ^ HZ in ||20|, if the proper crossing transformation is made and the Z vertices are 



replaced by the related 7 vertices. 

Some comments on the gauge dependence of our decomposition in 77-ff , Z^H and BOX 
contributions of eq. ([T3| ) are in order. By construction, the identity (6), which is equivalent 
to the photon transversality, is fulfilled by these contributions separately. One can check that 
our decomposition corresponds to the 77-ff, Z'yH and e'^e~'yH Green functions in the so- 
called non-linear gauge, where the derivative in the 't-Hooft-Feynman gauge for the W field is 
replaced by the corresponding covariant derivative. It has been shown [|1^ that, in this gauge, 
the Slavnov- Taylor identities for the 'j'jH and ZjH Green functions are simply equivalent to 
the transversality with respect to the photon momenta. 

Here, we want to stress, first of all, some technical advantages of the proposed calculation 
method, based on exploiting the transversality identity (6). Indeed, we chose the widely used 't- 
Hooft-Feynman gauge, and decomposed the Feynman amplitudes in terms of a set of standard 
matrix elements. We used the set (2), although this choice is not unique. Then, using the 
transversality of the physical amplitudes, we found that the coefficients of the standard matrix 
elements have to fulfill some linear identity, that in our case is eq. (6). Accordingly, one can 
take any partial contribution, for example the contribution of different subsets of diagrams, then 
calculate only the terms satisfying this linear identity, and ignore the violating terms. As a 
consequence, as we showed, this technique helps getting more compact answers for the physical 
amplitudes. We stress the generality of the proposed technique. For comparison, we refer to 
the paper [|^, where the same (QED gauge invariant) contributions to the crossed process 
e~^e~ -^ 'jH were obtained by choosing an ad hoc special set of standard matrix elements. 

There is another advantage of the adopted decomposition. Our main goal here is to demon- 
strate the usefulness of the process ej —>■ eH for measuring the ZjH coupling. Of course, one 
does not expect that the contribution of the Z-boson vertices can be separated from the related 
photon vertices in a SU(2) gauge invariant way in the standard model. This connects with 
the presence of the third component of the SU(2) gauge field in both the Z-boson and photon 

10 



fields. Moreover, one can show that even the box contribution can not be isolated in a SU(2) 
gauge invariant way, by comparing the results in the linear 't-Hooft-Feynman gauge used here, 
with the nonlinear gauge results (see details in Jl^). However, we will see in the next section 
that the contribution of the box diagrams to the cross section is in general rather small. Hence, 
the most important issue is the separation of the Z'^H and '-yjH vertices. In general, if one 
wants to compare the relative contributions of the Z'-jH and 77if vertices, one needs to specify 
the gauge in which one works. 

Note, that it is possible that there are new non-standard particles circulating in the loops of 
the Z'^H and 77// Green functions, giving additional contributions to the ones of the standard- 
model electroweak theory. Hence, measuring the corresponding amplitudes could give us some 
hints on the nature of the actual extension of the standard model. 

In case the new scenario implies the non-decoupling regime for the Higgs boson interaction 
with the new particles, we can use an effective point-like interaction Lagrangian to calculate 
the contributions of the new physics. In 12^, |2^ , the relevant lagrangian terms were classified 
and parameterized using five anomalous coupling constants. Of course, these terms must be 
SU{2) X U{1) gauge invariant, and, hence, transversal with respect to the photon momentum. 
The same is true for their contributions to the Z'-yH and '-yyH Green functions and to the cross 
section of the process under discussion. As a consequence, from a kinematical point of view, 
this type of new physics would contribute similarly to the QED gauge-invariant contributions of 
the standard Z'^H and '-yjH Green functions. Thus, our strategy in the next sections will be to 
find out the kinematical regions where the relative contribution of the transversal Z'^H Green 
function is enhanced in comparison with the '-yyH one. 

Alternative cases, where the Higgs boson interacts with the new particles in the decoupling 
limit, can not be described by an effective point-like Lagrangian, and some different strategy is 
necessary to extract the contributions of the corresponding Z'^H and 77if induced vertices (see 



111 , for the case of the minimal supersymmetrical extension of the standard model). In these 
cases, there could be some kind of common agreement to define the different contributions. For 
instance, our decomposition in eq.([T3|) could make the job. Consequently, the analysis of the 
numerical results and kinematical cuts made in the following should be of some help for the 
measurement of the Z-^H induced vertex in decoupling cases, too. 



3 Exact cross sections 



In this section, we present the total rates a{He) for the process ej — > eH versus the Higgs 
boson mass mn and the cm. ej collision energy ^/s. We also compare them with the cross 
sections for the competing tree- level process ej — > ifz/eiy||2^. A possible strategy for enhancing 



the Z'fH vertex effects with respect to the dominant 'yyH contribution is then outlined. 

In order to correctly relate our exact results to the previous approximate estimates, one 

11 



should take into account that in our paper we always assume an exactly monochromatic initial 
photon beam. It has been customary for some time to present total rates convoluted with 
a particular form of the initial-photon energy spectrum |^. On the other hand, presenting 
unfolded results can help in distinguishing the physical effects related to the particular collision 
process from details depending on the final realization of the backscattered laser beam, that 
could evolve with time before the final project of the linear collider is approved |. 

In our numerical results, we assume a{me) = 1/137 in each vertex that involves an on-shell 
(or almost on-shell) photon. On the other hand, we express both purely electroweak vertices 
and vertices involving off-shell photons (exchanged in the t channel when p^ ^ lOGeV) in 
terms of a{Mw) = 1/128. This is made in a gauge invariant way, i.e. by just rescaling the final 
cross sections. Also, we assumed Mz = 91.187GeV, siia^ 9w = 0.2247, and, for the top-quark 
and 6-quark masses, m^ = 175GeV and nib = 4.3GeV, respectively. 

In figure H, the total (unpolarized) cross sections for the one- loop process ej -^ eH (obtained 
by integrating the analytical formulae in section 2) and the tree-level Higgs production ej — >■ 
HugW {computed by CompHEP [^]) are plotted versus mn, for -y/i = 500 and 800 GeV. 



Numerical results can also be found in table 0, where the mn dependence of the two channels 
is reported for ^/s =0.5, 1 and 1.5 TeV. 

One can see that the process 67 -^ eH is characterized by relatively large rates. For instance, 
for niH up to about 400 GeV, one finds a{He) > 1 fb, which, for an integrated luminosity of 
about lOOfb"^, corresponds to more than 100 events. Note also that the cross section for the 
crossed process e~^e~ —>■ Hj has a similar behaviour with mn, but is only about a fraction 
(200 ^ 40o) of (^(He), in the range tuh = (100 H- 400)GeV at ^i = 500GeV |g. Moreover, 
contrary to a{He), a{H'~f) drops as 1/s at large cm. collision energies . 

At ^/s ~ 500 GeV, the 67 — > eH rate increases with uih up to mn — 2Miy, where 
a{He) ^ 21fb. For larger masses, the cross section falls, but more slowly than in the a{Hi'W) 
case. As a result, a{He) > a^HvW) for mu ^ 180 GeV. 

At larger i/i, a{He) increases, but only slightly. On the other hand, alHuW) takes much 
advantage by a larger cm. collision energy and, e.g., at ^/s = ITeV and rriH = 180GeV, is 
more that a factor 4 larger than the corresponding ej — > eH cross section (cf. table [^). 

We also compared the exact rates for ej — > eH with the rates one obtains in the Weizsacker- 
Williams (WW) approximation according to the approach of [|l^ . We have found that the WW 
approximation differs from the exact rate by less than 15% in the range ^/s = 0.5 — 1.5TeV, 
working better at lower y/s and higher uih- For instance, at ^i = 500GeV and niH = SOOGeV, 
the WW cross section is larger than the exact one by only 3.4%. Anyhow, by adopting an 
improved WW approach [Q, one reaches an accuracy better than the 6% in the same y/s 



range. 

Note also that the difference in the relative importance of the two channels 67 — > eH and 



§That was recently stressed by V.I. Telnov 
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67 —>■ HveW in figure ^ with respect to figure 1 of [|I5| is mainly due to the inclusion of a 
spectrum for the photon beam Q in the latter case. Indeed, the photon spectrum considered 
depletes considerably a{HuW), while a{He) keeps relatively stable. 

In figure ^ we show separately the contributions to the total cross section for 67 —>■ eH given 
by the squared amplitudes corresponding to the subsets of Feynman diagrams ^^'j'jH " , ^^ZjH " 
and "BOX" (defined in section 2). Even if this separation is by no means formally rigorous 
(and neglects the relative interference effects), it can help in getting a feeling of the relative 
importance of triangular vertices and box contributions to the total cross section. In figure ^ 
the upper solid (dashed) curve corresponds to the total cross section at y/s = 0.5(1.5)TeV. The 
slightly lower curve shows the largely dominant contribution from the 'j'jH vertex graphs, while 
the Z'jH and BOX cross sections are a factor about 50(45) and 150(500) smaller, respectively, 
for rriH ~ 150GeV and ^/s = 0.5(1.5)TeV. At larger ttih, this pattern keeps qualitatively 
similar. 

In principle, the ej —>■ eH total cross section (and its main contribution from 77^/ ) is of the 
same order of magnitude of the total rates for Higgs production in 77 collisions [J13l . Indeed, the 
expected resolution on the beam energy smears the higher peak cross section over a width much 
larger than the Higgs resonance. As a result, the channel ej — > eH has a comparable potential 
with respect to the process 77 —> if in testing the ^jH vertex, as far as the production rates 
are concerned. In this paper, on the other hand, we would like to concentrate on the problem 
of disentangling the Z'jH vertex effects, which are out of the 77 -collision domain. 

In figure |^, we show a possible strategy to enhance the Z'-fH vertex effects in the He 
production rate. This consists in requiring a final electron (positron) tagged at large angle. 
The corresponding cut on the transferred squared momentum t depletes mainly the amplitudes 
involving a photon propagator in the t channel. This can be easily seen from the three plots in 
figure P, where the cross sections dependence on i/i, for ttih = 120GeV, is shown for no cut on 
the electron transverse momentum p^ (a), for a cut p^ > lOGeV (b), and a cut p^ > lOOGeV 
(c). The relative weight of the Z'jH and BOX contributions with respect to the total cross 
section is considerably enhanced by a cut on the minimum allowed p^. For p^ > lOOGeV, 
ZjH is about 60% of 'yyH , and Z'jH gives a considerable fraction of the total production 
rate, which still is sufficient to guarantee investigation (about 0.7 fb). One can also notice that 
the BOX contribution is of some relevance only in the lower y/s range. 

Note that the slight increase in the ZjH and BOX "cross sections" when going from figure ^ 
(a) to figure ^ (b) is due to the change of a factor a(me)^ into a{M]yY, which, as previously 
mentioned, we adopt for large-pf. configurations. 

We stress that, in the inclusive He production, the bulk of the events are characterized by a 
forward final electron escaping detection. On the other hand, requiring a large p^ corresponds, 
from an experimental point of view, to selecting a different final-state configuration, where 
the Higgs decay products have a large total transverse momentum, balanced by a high-energy 
electron detected at large angle. 
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4 Background processes 



Assuming a final electron tagged at large transverse momentum in 67 — *> eH , we now ad- 
dress the issue of separating the signal coming from an intermediate mass Higgs (i.e., with 
90GeV ^ TTiH ~ 140GeV) from the most important background channels. We recall that the 
main decay mode for an intermediate mass Higgs is through the channel H -^ bb, with a 
branching fraction of about 85%. 



An in-depth discussion of the problem has been presented in [^ in the different case of a 
collinear (undetected) final electron, where one can adopt the WW approximation approach. 
As we have already stressed, the latter is not useful for distinguishing Z'yH vertex effects. 

The main irreducible background to the process 67 -^ eH -^ e{bb) comes from the channel 
67 — >• ebb . In the latter, a b quark pair is produced either through the decay of a virtual 7(2') 
or via the fusion of the initial 7 with a (virtual) 7 or Z radiated by the electron beam. The 
complete set of Feynman diagrams is given by 8 graphs and is shown in figure ^. 

A crucial parameter to set the importance of the 67 — *> ebb background is the experimental 
resolution on the bb invariant mass Am^fe. The background rates we present here are obtained 
by integrating the mhb distribution over the range mi^- — Am^^ < m^i < m// + Am^j. We assume 
a very good mass resolution on the b quark pair, i.e. Am^j = 3GeV. Reaching a good resolution 
on nifji can be actually easier in the eH production at large angle. Indeed, the tagging of the 
final electron cj implies the possibility of determining its energy with good accuracy. This 
reflects into an indirect (additional) determination of m^g through the relation 



E{ef) 



s -ml-r 



2v/i 



Assuming a monochromatic photon beam and neglecting ISR effects (i.e. assuming a fixed s), 
the latter implies a direct connection between the m^^ resolution and the e/ energy resolution, 
which can help in improving Am^i in the final state configuration considered here (see also 

We now carry out a detailed analysis of the background from 67 — » ebb . We use CompHEP 
to generate the kinematical distributions and cross sections. As anticipated, all the rates 
presented are obtained by integrating the m^^ distribution over the range uih — Amf,j; < rrif^i < 
rriH + Arrif^i, with Arrii^i = 3GeV. As for the signal rates, we obtain the distributions for the 
process 67 —>■ eH —>■ e{bb) by convoluting the H distribution for 67 —>■ eH with an isotropic 
(in the Higgs rest frame) decay H — *■ bb, with proper branching ratio. This chain, too, is 
implemented in a modified version of CompHEP, that generates events according to the exact 
one-loop matrix element for ej — > eH . 

In figure |^, the upper solid and dot-dashed histograms show the p^ distributions for the 
signal and background, respectively, for uih = 120GeV and ^/s = SOOGeV. The background 
is considerably larger than the signal, especially at moderate values of p^. A possible way to 
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improve this picture is by putting a cut on the angles between each b and the initial beams. 
In fact, the vector couplings that characterize the 6's in the channel ej — > ebb give rise to 
a b angular distribution considerably more forward-backward peaked than in the case of the 
scalar Hbb coupling relevant for the signal. In figure ^, the arrows show the lowering of the p^ 
distributions, when an angular cut 9b-beam > 18° is applied between each b quark and both the 
beams. This particular value of the angular cut reduces the signal and background distributions 
at a comparable level, without penalizing appreciably the signal rate at large p^. Note that 
the cut 9b-beam > 18° has been optimized at y/s = SOOGeV. Lower angular cuts will be more 
convenient at larger ^/s. 



Since, we are interested in isolating Z'jH effects, in figure |T0| we compare the same pj^ 
distribution of the signal (and the corresponding effect of the Ob-beam cut) with the distribution 
coming from the pure squared Z'-jH amplitude. One can check that the latter is concentrated 
at large p^ values, which is a typical effect of the massive Z propagator in the t channel. 
The corresponding contribution to the total rate is practically unaltered if one imposes a cut 
p^T ^ 50GeV, 

A further source of background for the process 67 — *> eH -^ e{bb) is the charm production 
through 67 —>■ ecc , when the c quarks are misidentified into 6's. This reducible background can 
be cured by a good 6-tagging efficiency, that should control a charm production rate that can be 
even more than a factor 10 larger than the corresponding 67 — > ebb cross section, depending on 
the particular kinematical configuration [0. We computed the rate for 67 —>■ ecc . By assuming 
a 10% probability of misidentifying a c quark into a b (hence, considering only a fraction 1/10 
of the computed cy -^ ecc rate) , we find that this reducible background has lower rates than 
the irreducible one. This can be seen in table ^, where the signal is compared with both the 
reducible and irreducible background, for two different sets of kinematical cuts, that enhance 
the Z'jH contribution, and mn =120 GeV, at i/i =500 GeV. Different initial polarizations 
for the e beam are considered (see section 5). For unpolarized beams and p^ > lOOGeV, the 
67 — i> ecc "effective rate" is less than 1/3 on the cy -^ ebb rate. Note that the cy — > ecc channel 
is kinematically similar to 67 — »• ebb . Hence, the particular strategies analyzed here to reduce 
the latter authomatically depletes also the former. 



A further background, that was considered in [|T^, is the resolved e'j{g) -^ ebb production, 
where the photon interacts via its gluonic content. Its estimate depends on the particular 
assumption for the gluon distribution in the photon, that is presently poorly known. We anyway 
tried to evaluate also this possible background, by assuming that the gluon distribution in the 
photon beam is given by the parameterization p8| (where we have set the energy scale Q^ in 
the structure functions equal to 4m^)P]. For instance, for the same set of kinematical cuts, and 
the same tuh and ^/s values assumed in table 0, we have found that cylg) — >■ ebb contributes 
to the background with rates of 9.6 10~^ fb and 0.40 fb, for p^ > 100 and 10 GeV, respectively 
(and unpolarized beams). We also evaluated the contribution from the c quark production by 
resolved photons, by c-flg) -^ ecc . Assuming, as above, a 10% probability of misidentifying a c 
into a 6, and the same kinematical cuts, the corresponding rate are 2.8 10^^ fb and 0.16 fb, for 

^This choice of the scale among possible others tends to maximize the resolved-photon rate. 
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p^ > 100 and 10 GeV, respectively (and unpolarized beams). The rates presented here derive 
from a leading-order parameterization of the photon structure functions in |2^. We checked 
that a higher-order parameterization rises the results by at most 10%. Compared to the direct 
photon contributions reported in table 0, the resolved photon background should hence only 
marginally alter the signal to background ratio, especially at large p^ []. 

In the following, we will restrict to consider the irreducible 67 -^ ebb background, being 
confident that, at large values of the p^ where the ZjH effects are enhanced, the latter provides 
the dominant component to the 67 — *> eH background. 



5 Beam-polarization effects 



One of the advantages of a linear collider is the possibility to work with polarized beams. 
This may allow, on the one hand, to test the parity structure of the interactions governing 
a particular process and, on the other hand, to optimize its background suppression. Here, 
we consider the possibility of having either the electron or the photon beam longitudinally 
polarized. 

In figures |ll| (a) and (b), for uih = 120GeV and versus y/s, we show the total cross section 
(and its 'j'yH , Z'yH and BOX components) for the unpolarized case (solid) and a completely 
longitudinally polarized electron (dashed). In particular figure |TI| (a) refers to a left-handed 
electron beam (Pg = "~1); while figure [Tl| (b) presents the case of a right-handed electron 
(Pg = +!)• While the j'-fH curve is unaltered by a Pg 7^ value, the total cross section is slightly 
modified by the influence of the electron polarization on the parity non-conserving Z'-fH and 
BOX couplings. In particular, a left(right)-handed electron beam increases (decreases) atot, the 
Z-fH and the BOX contribution by about 11%, 20% and 100%, respectively, at y/s = SOOGeV. 
The strong variation in the BOX component is produced by the dominance of the M^-box sector 
in this contribution. 

In figures |TI] (c) and (b), the same plots are given when a cut p^ > lOOGeV is applied on the 
final electron transverse momentum. One can see that in the high p^ sector of the phase-space, 
the total rates are much more sensitive to the electron polarization. For instance, assuming 
Pg = — 1 (Pg = +1) the total rate increases (decreases) by about 94% at ^/s = SOOGeV. 

Some insight into this result can be gained by looking at tables ^ and ^, where the e/7 
polarization dependence of the interference pattern of the 'j'yH , Z'yH and BOX contributions 
is shown for p^ > lOGeV and p^ > lOOGeV, respectively, at a/s = SOOGeV. For instance, one 
can see that for Pg = -|-1 there is a strong destructive interference between the terms 'j'jH and 
Z'jH . This is essentially due to the different sign of the couplings ee7 and crCrZ, where cr 

"The resolved photon rates above include only the gluon content of the initial photon beam. The contribution 
coming from the gluon content of the virtual photon, that can be radiated by the initial electron, is not included 
here. This is anyway expected to be less important than the former contribution. 
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stands for the right-handed electron component (see also section 2). 

The fact that a longitudinal polarization of the electron beam affects drastically the large p^ 
range can also be clearly seen in figure |12|, where the p^ distributions relative to the unpolarized 
and to the left-handed and right-handed polarized e beam are presented for the signal and the 
67 — »• ebb background. One can also see that, although both the signal S and background B 
are increased by a left-handed polarization, the ratio S/ B is improved at large p^. 

Figures ^ (a), (b), (c) and (d) show the effects of assuming a longitudinally polarized 
photon beam in the same framework of figures |Tl]. The trend is similar to the polarized e case, 
but the effect is quantitatively more modest for a polarized 7, especially at large values of a/s. 
The only exception is given by the BOX contribution that is still considerably altered by P^ 7^ 

at any ^/s. 



6 Initial State Radiation effects 



The effects of the ISR on the signal and the background rates can be taken into account by 
folding the corresponding cross sections with a structure function describing the reduction of 
the electron beam energy because of the QED radiation. We adopt the approach of [^ , that is 



accurate at the next-to-leading order for coUinear emission and resums soft photon effects. All 
this is implemented through the computer package CompHEP, which automatically takes into 
account also the kinematical cuts needed either to enhance the Z'^H contribution in the signal 
(i.e., pf. cuts) or to decrease the relative importance of the background (i.e., Oh_heam cuts). 

We compared the rates of the unfolded cross sections with the cross sections convoluted 
with the ISR structure function. The effect of the ISR in our context has been found to be 
marginal in general. In particular, we found that the ISR effects slightly reduce the signal for 
all the electron polarization states. For the kinematical configurations described in table ^ the 
signal is reduced by about 3%, for pf. > lOOGeV and even less (about 1%) for p|, > lOGeV. 
On the other hand, the irreducible ej —>■ ebb background is a little enhanced by the ISR. For 
p^ > lOOGeV, it is increased by less than 1%, while, for p|, > lOGeV, it raises by about 4%. 
This holds for both P^ = and Pg = ±1- 

We checked that such behaviors can be easily explained in terms of the increasing/decreasing 
of the relevant cross section with ^/s, when all the relevant kinematical cuts are taken into 
account. 

Altogether, one can conclude that the "unfolded" general picture is only mildly modified 
by the ISR effects. 
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7 Optimization of S/B and electron asymmetries 



As can be seen in table 0, a p^ cut of 100 GeV, along with a resolution on mj,i of ±3 GeV and a 
cut on all the 6's that are closer than 18° to the beams, optimizes the S/B ratio, for mn =120 
GeV and y/s = 500 GeV. In particular, it gives rise to a signal rate of 0.40 (0.78) fb versus an 
irreducible background rate of 0.63 (0.96) fb in the unpolarized (Pg = —1 polarized) case. This 
means that the signal and the background are comparable in the interesting configurations. 
With an integrated luminosity of 100 pb~^, the corresponding statistical significance of the 
signal from ej -^ eH is of the order S/ yS + B ~ 4 for Pg = and 6, if Pe = —1. This implies 
the possibility of measuring the corresponding cross section for 67 — > eH with an accuracy of 
about 25% (17% for polarized Pg = —1 beam), unless systematic errors dominate. 

Of course, the final accuracy on the determination of the coupling of the Higgs boson to the 
Z and 7 is not simply the accuracy on the cross-section measurement. As we can see from table 
^, for p?p > lOOGeV and ^/s = 500GeV (and unpolarized beams), the Z'jH vertex contributes 
about half of the measured cross sections, including the interference effects. Assuming that 
the Higgs boson coupling with the photons is tested and measured with high accuracy in some 
different process, the statistical sensitivity to the Higgs coupling with the Z and 7 gets of the 
order \S/ \/ S + B (note that, assuming a reduced integrated luminosity of rlOO pb^^, with 
r < 1, would in general lower the expected accuracy by a factor \/r). 

There is a further way to improve the accuracy on the cross section measurement. This is 
by exploiting the electron angular asymmetry of the signal with respect to the beam. Indeed, 
we found that in the 67 -^ ebb background the final electron angular distribution, although not 
completely symmetric, is almost equally shared in the forward and backward direction with 
respect to the beam. In particular, we checked that the 2nd diagram in figure 5 is responsible 
for the backward peak, while the 4th diagram gives the forward one. 
On the contrary, the final electron in 67 — *> eH is mostly directed in the forward direction. The 



typical behavior is shown in figure |Tj, where the solid (dashed) line gives the histogram for the 
final electron angular distribution [in the centre-of-mass system] for the signal (background), 
for p^ > lOOGeV and e{b - beam) > 18°, at run = 120 GeV and v^ = 500GeV. As usual, the 
background is integrated over the range mn — ^mi,i < nif^i < mn + Amf,^ with Am^^j = 3 GeV. 
The initial beams are assumed to be unpolarized. The strong asymmetry in the signal 9e 
distribution is manifest. The final electron is mostly scattered forwards in 67 — >■ eH (the 
empty intervals for ^g ^ 25° and 6e ^ 155° are just due to the p^ > lOOGeV cut). Note that 
this pattern keeps valid also when relaxing the p^ cut, and for polarized beams. 

It is straightforward at this point to enhance the S/B ratio, by simply measuring the 
difference between the forward and backward cross sections. In table ^, after applying the 
same cuts as in table H and for different polarizations of the e beam, we report apart from 
the total rate, the forward cross sections and the difference of the forward and backward cross 
sections Sfb = cr(^e < 90°) — cr(6'e > 90°). One can see that, in the difference Sfb, 80% of 
the signal survives, while the background is reduced by about an order of magnitude, in both 
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the interesting P^ = and Pg = — 1 cases. With a luminosity of 100 pb^^, one then gets an 
accuracy on SpB of about 16% for unpolarized e beams, and 12% for P^ = —1 (corresponding 
to S/y/S + B ~ 6.4 and 8.5, respectively.) By the way, it could also be convenient to measure 
the relative asymmetry SpB/l'^iGe < 90°) + a{6f, > 90°)], that has the advantage of being free 
from possible uncertainties on the absolute normalization of the cross sections. 

The analysis above can be also extended to the study of possible anomalous contributions in 
the ZjH amplitude coming from some extension of the standard model. For instance, all models 
causing a variation in the cross section and/or angular asymmetries by more than about 20% 
should be easily disentangled in the same experimental conditions analyzed here. Furthermore, 
since in the latter case what we call here signal could act as a further background, it could be 



convenient to consider also the Pg = +1 cross sections |^5|]. Indeed, as shown in table ^, for 
large p^ the right-handed polarized e beam minimizes the standard model 67 -^ eH background, 
because of the strong negative interferences between the different amplitudes. 



8 Conclusions 



The study of the exact rates for the process 67 — > eH — * e{bb) in the intermediate rriH range 
confirms that the associated He production in ej collisions is a competitive means with respect 
to the process 77 — ^ // to study the vertex 'j'-fH and its possible anomalies (as anticipated 
by the analysis made in the WW approximation [0). The relevant total (unpolarized) cross 
sections are in the range (9 -4- 17)fb, for niH = (90 -r- 150)GeV and ^/s = (0.5 -i- 1.5)GeV, which, 
assuming an integrated luminosity of 100 fb~^, corresponds to O{10^) Higgs events. 

If the final electron is tagged at large p^, a further possibility offered by the channel ej — »• 
eH is to study the effects coming from the ZjH vertex, keeping still a reasonable statistics 
[O(IO^) events]. This possibility has not any counterpart in the e~^e~ and 77 collision physics. 
Graphs with boxes, too, contribute at large p^, but their relative importance decreases with 
yi for v^ > 400GeV. 

We checked that the main background comes from the process 67 —* ebb . This can be 
controlled by a good tti^^ experimental resolution (that can be improved by the final electron 
energy determination), and by requiring that the final b quarks be not too close to the beams 
direction. 

We have also shown that starting with a left-handed polarized electron beam doubles the 
rates and improves the S/B ratio, in the pf. ^ lOOGeV kinematical range interesting for the 
Z'jH vertex studies. Further improvements in the S/B ratio can be obtained by exploiting the 
final-electron angular asymmetry of the signal. 

The inclusion of the initial state radiation effects marginally deteriorates the S/B ratio. 

The value of the integrated luminosity assumed in this study (that is 100 fb^^) does not 
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seem to be essential to disentangle a Z'jH effect, although a high luminosity would be crucial 
to increase the accuracy of the measurement. With a luminosity of 100 fb~^, one expects an 
accuracy as good as about 10% on the measurement of the Z'jH effects, at ^/s = SOOGeV. 
A luminosity of 50 fb~^ would anyhow allow to measure the standard model signal with an 
accuracy better than 20%. 

In conclusion, the 67 -^ eH — > e{bb) turns out to be an excellent means to check the 
standard-model one-loop coupling Z^H . Further investigation and comparison with the pre- 
dictions from possible extensions of the standard model altering the Z'yH vertex is worthwhile. 



This, we are planning to do in a forthcoming paper |35 . 
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Appendix 

In this appendix, we give the exphcit expressions for the functions Bq, Cq and Di appearing 
in eqs. (|15D, (|20|) and (|2lD . Next, we give a short discussion on some sources of numerical 



instabihties arising in the computation of the total cross section, and describe the method used 
to control them. 



• Loop integrals 

The complete set of independent loop integrals used in our calculations is defined by the 
following formulas in dimensional regular iz at ion^, where the time-space dimension is n = 4— 2£: 

5o(p^m^m2) = -^7-^ ^77-^ ^ — r^ , (25) 

ivr^ J [m^ — g^J [rra^ — [ci + P) \ 

1 f d/^Q 

Co{m,pi,m,p2,m) = -^ / ^^ ^rj—^ ^— — ^^T^~2 ^^ a2T ' (2^) 

^7r^ J [m^ — g"^J [m^ — [Q + Pi) \ [i^ ~ (9 + P2) \ 

Of course, each denominator factor originated from the propagators should be treated in the 
Feynman limit: (M^ — p^)^^ = lim(M^ — p^ — ie)^^. As a result, these loop integrals have 

complex values in general. 

We decompose the vector and tensor box-integrals over the covariant Lorentz structures: 

D^ = pt-D, +pi^-D2 +p^s-D,, 

D'^-' = g'^-' ■ Doo + pIp'^ ■ /^ii + p^2P2 ■ D22 + P^^pI ■ D^s (28) 

+ {p'iP'2 + P'2Pi) ■ D,2 + {p'lPl + P'M ■ D,, + {p^2Pl + P'^P2) ■ D23 . 

Note that all these integrals are UV finite. The only exception is Bq, for which limei^o = 
1. In our results, the integrals Bq appear in the triangle contributions only in a UV finite 
combination [see eq. (plsl)]. 

For the numerical evaluation of the scalar loop integrals, as well as of the scalar factors in 
the decomposition (^), we used the FF library |^2[, and the corresponding Fortran routines. 



Note that in our definition of the loop integrals, the C-type integrals have an opposite sign with 



"Relations to other definitions of one- loop integrals: 



• Our definition of integrals corresponds to the Passarino- Veltman integrals |30| if metric signature is 

changed from ( — h ++), used by Passarino- Veltman, to (H ). They also used a different choice of 

external momenta, hence their decomposition (|28| ) differ from ours. 

• We differ from [BlJ by an opposite sign of the C-integrals. 
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respect to the latter. Moreover, in the decomposition (^) we use a set of external momenta 
different from the FF library. Hence, we perform a linear transformation of our scalar factors Di 
and Dij, in order to get a connection with the corresponding factors defined in the FF library. 

Regarding the analytical evaluation of the amplitudes, the check of the QED gauge-invariance 
identities (P), as well as the extraction of the QED gauge non- invariant terms (0) and the 
corresponding ones coming from the VT-box diagrams, we used the computer algebra system 
REDUCE [01. 



• Numerical instabilities 

Although, in general, we computed the relevant amplitudes in the uie = chiral limit, in the 
calculation of the total cross section we assumed for t^ax the exact value, that is approximately 
equal to {—mlmjj/s'^). Then, when integrating the region near the t-channel pole at t ^ with 
routines in double precision for arithmetic operations, we met some numerical instabilities. 
In particular, we observed a lost of numerical precision in the evaluation of the kinematics 
for t > — 10~^GeV^. In order to avoid this instability, we used the following procedure. We 
introduced some parameter to and approximated the matrix element M for the t-channel photon 
contribution by M = X{t)/t for t < to, and M = X{to)/t for to < t < t^ax-, where X{t) is the 
numerator of the matrix element. If the parameter tg is taken close to tmax-, the latter turns 
out to be a good approximation, since then X{tmax) differs very little from X{to). To test 
this method, we checked the independence of the total cross section from the parameter to-, by 
varying to in the interval —1 GeV^ < to < — lO^^GeV^. 

There is also a second source of numerical instability when the W and Z-hox diagrams are 
evaluated near t = and u = 0. When the tensor integrals for the boxes are expressed via 
the scalar integrals by Passarino-Veltman [^ (e.g., FF library uses this procedure |^) some 



spurious poles can arise from different terms. Of course, in the total results these poles cancel 
each other. In our case such spurious poles arise at t = and u = 0. We checked analytically 
the corresponding cancellation in our results for the boxes (|18|,|T9|). First, we expressed the 
formulas ([T9|) via scalar integrals and then analyzed the final expressions in t = and u = 0, 
where they must vanish. This analysis was made with the help of the REDUCE program PV 
0, that implements the Passarino-Veltman procedure. Anyhow, it is not possible to check 



explicitly the cancellation of these spurious poles at the level of the scalar integrals. As a 
result, these integrals cannot be evaluated with good accuracy at t > — 10~^GeV^, since the 
numerical precision of the FF library is not sufficient to get this cancellation. Fortunately, one 
can neglect the box contributions at such small t and u, since these functions have a regular 
behaviour near t = and u = 0. Therefore, we just neglected the W and Z-hox contributions 
for t, u > -lO-^GeV^. 
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rriH 
(GeV) 


V~s = 


0.5 TeV 


V~s- 


= 1 TeV 


V~s = 


1.5 TeV 


67 — » eH 


67 -^ uWH 


67 -^ eH 


67 — » z/ 


IV H 67 -^ eH 


67 ^ uWH 


80 


8.38 


47.3 


9.29 


157 


9.74 


243. 


100 


8.85 


41.3 


9.94 


148 


10.5 


233. 


120 


9.80 


35.4 


11.2 


138 


11.8 


223. 


140 


11.8 


29.8 


13.7 


129 


14.6 


212. 


160 


21.1 


24.6 


25.0 


120 


26.6 


201. 


180 


20.9 


19.9 


25.3 


111 


27.0 


191. 


200 


17.2 


15.7 


21.2 


102 


22.8 


181. 


300 


5.97 


2.87 


8.53 


65.^ 


[ 9.43 


136. 


400 


1.64 


0.0151 


2.78 


38.5 


3.18 


100. 


500 






0.501 


20.C 


0.595 


72.9 


600 






0.0767 


9.51 


0.0952 


51.5 


700 






0.0608 


3.2S 


0.0901 


35.0 



Table 1: Total cross sections in fb. 
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ruH = 120 GeV 
^ = 500 GeV 


p^T > 100 GeV 


p^T > 10 GeV 


aieH) ifb) 


a{ebb) ifb) 


a{ecc) (fb) 


a{eH) ifb) 


a{ebb) ifb) 


a{ecc) (fb) 


Pe = 


0.404 


0.634 


0.208 


1.01 


1.34 


0.868 


Pe=-l 


0.780 


0.961 


0.277 


1.60 


1.94 


1.00 


Pe = +l 


0.0263 


0.304 


0.136 


0.429 


0.767 


0.726 



Table 2: Comparison of the signal with the irreducible background cy -^ ebb and the reducible 
background coming from c-f -^ ecc, for different e-beam polarizations. For the c-f -^ ecc 
background a 10% probability of misidentifying a c quark into a b is assumed (that is, only 1/10 
of the cross section is reported). Two configurations for kinematical cuts are considered. The 
angular cut 9{b{c) — beam) > 18" is applied everywhere. The signal rates includes the complete 
treatment of the H -^ bb decay. The bb invariant mass for the background is integrated over 
the range tuh — Am^^ < mf^i{mcc) < trh + Am^^j; with Amf^i = 3GeV. 
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Int. (y^H -box) 


Int. (^Z-yH -box) 


(Pe = 0; 


80 


1.85 


1.49 


0.203 


0.0232 


0.0765 


0.0312 


0.0205 


P, = 0) 


100 


1.99 


1.61 


0.216 


0.0237 


0.0820 


0.0322 


0.0212 




120 


2.22 


1.81 


0.238 


0.0244 


0.0912 


0.0340 


0.0224 




140 


2.68 


2.20 


0.280 


0.0261 


0.109 


0.0377 


0.0252 


{Pe = -1; 


80 


2.72 


1.49 


0.244 


0.0458 


0.832 


0.0544 


0.0476 


P, = 0) 


100 


2.91 


1.61 


0.260 


0.0466 


0.892 


0.0559 


0.0494 




120 


3.24 


1.81 


0.286 


0.0481 


0.991 


0.0586 


0.0526 




140 


3.89 


2.20 


0.336 


0.0513 
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6.78E-04 


-0.679 


8.02E-03 
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Table 3: Interference pattern between the '~f'~fZ , Z'-fH and boxes contributions versus the e-beam 
and ■j-beam polarizations, forp^ > 10 GeV. 
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0.0114 


-0.0542 
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Table 4: Interference pattern between the 'j'yZ , Z^H and boxes contributions versus the e-beam 
and •y-beam polarizations, forp^ > 100 GeV. 



mH = 120 GeV 
^ = 500 GeV 


a{e'j -^ eH) fb 


(j(e7 -^ ebb) fb 


no 9e cut 


Oe < 90° 


<Sfb 


no 6'e cut 


Oe < 90° 


<Sfb 


Pe = 

Pe = -l 

Pe = l 


0.404 
0.780 
0.0263 


0.362 
0.699 
0.0258 


0.320 
0.618 
0.0253 


0.634 
0.961 
0.304 


0.281 
0.433 
0.126 


-0.072 
-0.095 
-0.052 



Table 5: Forward-backward asymmetry in the electron scattering angle, 6g, for different e- 
beam polarizations. The total cross section, the forward cross section and the difference of the 
forward and backward cross sections [SpB = o'(^e < 90°) — a{6e > 90°)] for the signal and the 
irreducible background, are presented. The kinematical cuts 9h-beam > 18°, Pf > 100 GeV and 
rufj — Arrif^i < nif^i < mu + Aitii^Ij ^^^^ ^"^bb = 3 GeV, are applied. 
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Figure 6: Total cross sections for the two main H production processes. 
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Figure 8: Effect of varying tlie p^ cut on tlie 67 -^ eH cross section. 
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Figure 9: Distribution in p^ for the signal and the background before and after angular cuts 
on the 6's is applied. 
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Figure 10: Same as in the previous figure, for the signal and the Z'-fH contribution to the 
signal. 01 
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Figure 11: Electron beam polarization effects without [(a) and (b)] and with [(c) and (d)] a 
cut p^T > lOOGeV. 
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Figure 12: Electron beam polarization effects on the p^ distributions. 
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Figure 13: Photon beam polarization effects without [(a) and (b)] and with [(c) and (d)] a cut 
Vt > lOOGeV. 
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Figure 14: Final electron angular distribution with respect to the initial electron beam. The 
solid (dashed) line refers to the signal (irreducible 67 -^ ebb background). The kinematical cuts 
applied are shown in the plot. The initial beams are assumed to be unpolarized. 
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